A high-throughput optimisation and subsequent scale-up methodology has been used for the synthesis of conductive tin-doped indium oxide (known as ITO) nanoparticles. ITO nanoparticles with up to 12 at% Sn were synthesised using a laboratory scale (15 g/hour by dry mass) continuous hydrothermal synthesis process and the as-synthesised powders were characterised by powder X-ray diffraction (XRD), transmission electron microscopy (TEM), energy-dispersive X-ray analysis (EDXA) and Xray photoelectron spectroscopy (XPS). Under standard synthetic conditions, either the cubic In2O3 phase, or a mixture of InO(OH) and In2O3 phases were observed in the as-synthesised materials.
Introduction
The combination of low electrical resistivity and high optical transparency, make transparent conducting oxides (TCOs) one of the most important classes of advanced functional materials. 1, 2 These unique properties are vital in the development of applications such as solar been reported for the continuous synthesis of nanoparticles, in which a flow of aqueous precursors is entrained in a jet of supercritical water, affording rapid mixing, generally under turbulent conditions. [25] [26] [27] For the discovery and optimisation of TCO nanomaterials, the development of highthroughput synthesis and screening methods for doped metal oxide systems, is highly desirable. Such doped metal oxide systems can be easily made by incorporation of additional metal salts into the CHFS process. One particular benefit of such modified CHFS reactors, is that many different compositions of doped materials can be synthesised in a short time and sequentially by simply adjusting the relative concentrations of the metal precursors used (and taking care to avoid cross-contamination). 28 Variations of this high-throughput approach for CHFS has been previously demonstrated by some of the authors previously, e.g. in the synthesis of an entire CexZryYzO2-δ phase diagram, 29 Eu-doped Y(OH)3 libraries, 30 Fe-doped La4Ni3O10 libraries 31 and rare earth element doped zinc oxide libraries. 28 Application of this high throughput approach to TCO materials discovery, would be expected to facilitate rapid optimisation of high conductivity TCOs by variation in dopant or reagent levels.
The use of CHFS for the direct synthesis of In2O3 nanoparticles used in a gas sensing application has been previously demonstrated by some of the authors using both small-scale and pilot scale continuous hydrothermal flow reactors. 32, 33 Therein, the In2O3 was formed directly in process as cubic (bixbyite) phase without the need of any auxiliary reagents such as [KOH] . The synthesis of ITO by a continuous hydrothermal process has been reported by Fang 34 and Lu. 35 In both those reports, InO(OH) was observed under certain conditions and This approach was successfully employed by Lu et al. for the continuous production of ITO nanoparticles with a hexanoic acid surface coating. 35 The as-synthesised material in that report was pressed (at 9.6 MPa) into compacts (density ca. 3.6 g cm -3 ) which had a measured resistivity of ca. 8.3 Ω cm (reported as a conductivity of 0.12 S cm -1 ). However, no optimisation of dopant concentration was made in the report. The observed resistivity in that case compared it to a resistivity value of 5 x 10 -2 Ω cm reported by Sasaki et al. for an ITO powder made by a batch solvothermal method (note however, the pressed compacts in this latter case were also heat-treated at 300 °C under a 1% H2 in N2 atmosphere).
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Herein, we report the use of a high-throughput CHFS approach for the optimisation of conductive ITO nanomaterials, utilising formic acid as an in situ reducing agent for the formation of conductive materials. Nanomaterial composition optimisation was first carried out on a 'lab-scale' reactor at a production rate of 15 g/hour per sample (by dry mass) and the effects of dopant level and [KOH] auxiliary reagent on the crystallographic phase of the assynthesised materials were studied. The lab-scale materials were screened in parallel as heattreated pellets and the optimised composition was subsequently synthesised using a pilotscale CHFS reactor at a production rate of 100 g/hour (by dry mass) and the conductivity of this material was also evaluated as a heat-treated pellet. The work carried out herein, represents a first demonstration of the use of high-throughput CHFS synthesis and scale-up of an optimised TCO nanomaterial and can be broadly applied to a number of inorganic materials discovery areas, as long as suitable screening methods are available.
Experimental Materials
Reagents were purchased from the following suppliers and used as-purchased: indium(III) nitrate hydrate, 99 % (Alfa Aesar, Lancashire, UK); potassium stannate trihydrate, 99.9 % (Sigma Aldrich, Dorset, UK); potassium hydroxide (Fisher Scientific, Leicestershire, UK); formic acid, ≥95 % (Sigma Aldrich, Dorset, UK).
Nanoparticle Synthesis by CHFS. The DI water feed from pump PSW was heated in flow to 450 °C using a 7 kW custom-built in-line electrical heater and was mixed with the flow of (room temperature) aqueous formic acid from pump PFA at mixing point M1, shown in Figure 1 . Precursor feeds from pumps PIn and PSn, were separately mixed in a T-piece (at room temperature) prior to mixing with the combined superheated water/formic acid feed in the confined jet mixer (CJM), which is shown as M2 in Figure 1 . The design of the CJM is detailed in previous publications of the authors. [24] [25] [26] In the case of samples 5 and 11, PFA was omitted and the feed of supercritical water was mixed directly with the combined precursor feed at M2. In all cases, the total concentration of the metal precursors in the initial precursor feed was maintained at 0. 
Materials Characterisation
Powder X-ray diffraction (XRD) data were collected using a STOE Stadi P diffractometer (Mo-Ka radiation, 0.70932 Å) in transmission geometry. Data were collected over the 2θ range 5 -30° with a step size of 0.5° and a count time of 20 s per step. Transmission electron microscopy (TEM) was performed using a Jeol 200 kV transmission electron microscope in imaging mode. Cleaned samples were dispersed in MeOH and drop coated onto a carbon coated copper TEM grid purchased from Agar Scientific. Image analysis and particle size measurements were carried out on 300 particles for each sample using ImageJ software.
Energy Dispersive X-ray (EDX) analysis was carried out using an Oxford Instruments XMax N 80-T Silicon Drift Detector (SDD) fitted to the transmission electron microscope and process using AZtec® software. X-ray photoelectron spectroscopy (XPS) was performed a Thermo Scientific K-alpha photoelectron spectrometer using monochromatic Al-Kα radiation. Survey scans were collected in the range 0 -1100 eV (binding energy) at a pass energy of 160 eV. Higher resolution scans were recorded for the principal peaks of In (3d), Sn (3d), O (1s) and C (1s) at a pass energy of 50 eV. Peak positions were calibrated to carbon and plotted using the CasaXPS software.
To assess the conductivity of the materials, the powders were pressed into compacts of thickness 1.6 mm under a force of 50 kN using a hydraulic press (Specac, Orpington, UK).
The deep blue coloured discs were then heat-treated under argon at 600 °C for 3 hours and after cooling to room temperature, the disks were green in colour. Hall effect measurements were carried out using the Van der Pauw method to determine the bulk resistivity of the disks. In order to do this, gold contacts were first sputtered onto the heat-treated discs, which were then subjected to an input current of 1 mA and a calibrated magnetic field of 0.58 T.
The transverse voltage was then measured. The measurement was repeated by reversing the direction of the magnetic field and the current. Resistivity measurements were made three times for each pellet in each direction and the mean value and standard deviations calculated.
A thin film was deposited by spin coating from a 20 wt% dispersion of sample 12 in water using a Laurell WS-650-23B spin coater.
Results & Discussion

Synthesis and characterisation of ITO nanopowders
Initial doping investigations maintained a constant tin loading of 10 at% (with respect to In)
by addition of [K2SnO3•3H2O] at the appropriate concentration through a secondary feed supplied by pump PSn. The influence of adding formic acid on the reaction was investigated by pre-mixing of a 1 M aqueous feed of formic acid with the supercritical water feed in the process. Under the supercritical conditions within the reactor, formic acid is known to decompose to CO2 and H2, 40 which would be expected to create the reducing conditions required to promote the formation of oxygen vacancies within the ITO structure. 35 In the absence of formic acid, an off-white material was produced. In contrast, the inclusion of formic acid in the process led to a light blue product being formed. This colouration of ITO suggested the formation of some oxygen vacancies within the structure (and presumably an increase in carrier concentration).
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The influence of base as an auxiliary reagent was also investigated by the addition of KOH (in the range 0.1 -0.3 M) with the tin precursor feed issuing from pump PSn. Initial investigations used a Sn feed concentration of 10 at% with respect to the indium precursor feed concentration. Powder X-ray diffraction analysis of the as-produced materials revealed a To further examine the phase behaviour of the system, syntheses were carried out in the absence of KOH and formic acid, mimicking the conditions used for the previous synthesis of phase-pure undoped In2O3 by a smaller scale CHFS process (3.75 times smaller than the labscale reactor used herein, based on total volumetric flow rates). 32 It was found that in the absence of the Sn dopant (sample 5) phase-pure In2O3 was formed, whereas only InO(OH) was observed when the Sn dopant was included (sample 6), as shown in Figure S4 (Supporting Information). Thus, the observed phase impurity was attributed to additional presence of the Sn precursor, which appeared to retard the exclusive formation of the bixbyite phase compared to the undoped indium oxide.
The phase purity of hydrothermally-made ITO nanomaterials by continuous methods was previously reported to have a high dependence on the reaction temperature due to the very short reaction times involved in comparison to batch methods. 34 
With the addition of KOH, In(OH)3 was formed in flow upon mixing of the aqueous precursor feeds under ambient conditions, allowing for an overall increase in the rate of formation of In2O3 (by the subsequent two-step dehydration) upon mixing with the supercritical water feed.
Heat-treatment of all the as-prepared materials under an argon atmosphere at 600 °C for 3 hours in a tube furnace ( Figure 2e ), yielded phase-pure cubic (bixbyite) ITO. In the powder XRD data, a characteristic intense (222) peak was observed at 2θ = 13.9°, while other strong but less intense peaks were observed at 2θ = 16.1, 22.8 and 26.9 °, which were attributed to the (400), (440) and (662) planes, respectively. The broad nature of the XRD peaks for both the as-prepared and heattreated materials was indicative of the nano-sized particles.
Amongst the as-synthesised Sn-doped In2O3/InO(OH) mixed phase samples, sample 3 had the highest phase purity, thus this sample was investigated further using transmission electron microscopy (TEM), as shown in Figure 3 . The images revealed well-defined cube-like particles with rounded edges (Figure 3b , respectively. 43, 44 In both cases, the high resolution spectra could be fitted with a single set of doublet peaks, indicating the presence of only one chemical species for each element ( Figure S6 ).
High-throughput Screening of ITO Nanomaterials
The synthetic strategy implemented in this work for the optimisation and scale-up production of ITO nanoparticles is outlined in Figure 4 . ) to minimise grain boundary influences and enhance inter-particle contact.
Heat-treatment of the pellets at 600 °C under argon for 3 hours in a tube furnace afforded phase-pure ITO (as determined by powder XRD), which resulted in a change in colour from blue to green.
The resistivity of the materials as a function of tin content is shown in Figure 5 and full Hall probe data and standard deviations are given in the Supporting Information, table S1. Whilst undoped In2O3 had a bulk resistivity of 1.6 x 10 -1 (± 3.1 x 10 -4 ) Ω cm, Sn-doping led to an immediate decrease in resistivity for all loadings, ranging from 1.2 x 10 -2 (± 5.0 x 10 -4 ) Ω cm for 4 at% Sn, to 6.0 x 10 -3 (± 2.1 x 10 -4 ) Ω cm for 10 at% Sn, as expected for the substitution of In 3+ for Sn 4+ . Materials synthesised in the absence of formic acid showed poor conductivity, owing to charge compensation by the formation of oxygen interstitials under these conditions. The reductive conditions induced by the addition of formic acid in process inhibited this charge compensation mechanism, as well as promoting the formation of oxygen vacancies within the structure, providing a further conduction mechanism.
A general decrease in resistivity was observed with increasing tin loadings in the range 4 to 10 at%, after which an increase in tin concentration resulted in an increase in resistivity.
Optimum Sn concentrations in the range 5 to 10 at% have previously been observed for ITO nanopowders, with an increased resistivity at concentrations above 10 at% being attributed to phase separation of SnO2 at higher loadings. 18 However, no evidence of SnO2 phase separation was observed in either powder XRD or XPS analyses herein. Tomonaga et al.
attributed this increase in resistivity with increasing Sn content to the presence of Sn interstitials, which act as scattering centres, causing a decrease in Hall mobility. 45 The lowest measured resistivity reported herein of 6.0 x 10 -3 (± 2.1 x 10 -4 ) Ω cm was found for the sample with 10 at% Sn (sample 3), which corresponded to a conductivity of 174 (± 12. Owing to the superior conductivity of sample 3 on the lab-scale synthesis, a Sn dopant concentration of 10 at% was chosen for the pilot scale CHFS study. Powder XRD analysis of the synthesised particles (sample 12) revealed the formation of a mixture of InO(OH) and In2O3 phases in the as-prepared material, with conversion to the oxide being achieved by heat treatment at 600 °C under Argon gas for 3 hours (Figure 6a ). TEM analysis revealed the formation of a mixture of spherical and rounded cube-like particle morphologies, with a mean particle size of 10.9 ± 4.6 nm. Particles were virtually indistinguishable to those formed on the lab-scale, apart from the slightly smaller average particle size (Figure 6b ). To confirm the electrical performance of the pilot scale sample 12, compact pellets were again pressed, heat-treated and resistivity measurements were made. The resistivity of sample 12 was found to be 9.4 x 10 -3 (± 4.8 x 10 -4 ) Ω cm, showing similar performance to the analogous material made on the 'lab scale' CHFS reactor. TEM analysis of the heat-treated sample showed retention of the small primary particle size post-treatment, with an average particle size of 13.5 ± 4.3 nm ( Figure S7 ).
The performance of the ITO nanomaterial as a thin film was evaluated by deposition using a simple spin coating technique. A 20 wt% dispersion of sample 12 in water was deposited on a glass substrate and the resulting film was heat-treated under analogous conditions to those used for the pellets (Ar, 600 °C, 3 hours). The film showed high transparency in the visible region, with an average transmission of 84% over the wavelength range 400 -700 nm (Supporting Information Figure S8 ). Furthermore, the measured resistivity of the film was 5.6
x 10 -1 (± 1.3 x 10 -3 ) Ω cm -1 , based on a thickness of 23 μm measured by side-on SEM (supplementary information Figure S9 ), demonstrating the potential for the use of CHFSderived TCO nanomaterials for the deposition of transparent and conductive films.
Optimisation of the deposition process will lead to an improved performance of the materials as thin films. Furthermore, the use of alternative sintering processes, such as microwave sintering, will allow for the deposition of such materials onto temperature-sensitive substrates. 47 These two areas are under current investigation and will be the subject of future publications.
Conclusions
In summary, highly conductive ITO nanomaterials have been synthesised via continuous hydrothermal flow synthesis followed by heat-treatment of the products in an inert atmosphere. Control over the synthetic conditions allowed the maximisation of the phasepurity in the as-prepared materials and the incorporation of formic acid provided sufficiently reducing conditions for the formation of conductive ITO.
The optimum dopant concentration was determined using a high-throughput approach, whereby dopant loadings of 0 -12 at% Sn (with respect to In at%) within the In2O3 structure were rapidly synthesised in sequence. Hall effect measurements carried out on pressed pellets of the heat-treated nanopowders revealed an optimum dopant concentration of 10 at% Sn, with a resistivity of 6.0 x 10 -3 (± 2.1 x 10 -4 ) Ω cm. The observed conductivities measured from pressed/fired pellets gave resistivity values which were superior to the best ITO pressed powders reported in the literature to date. To our knowledge, the scale of the high throughput synthesis processes (15 g / hr) represents a relatively large scale of production for ITO nanoparticles compared to the literature. Furthermore, the use of the pilot-scale continuous hydrothermal process for the optimised ITO nanomaterial was then demonstrated at 100 g/hr (by dry mass), showing particles of very similar size and morphology to those synthesised on the lab-scale. The resistivity of the heat-treated pellets made from the pilot plant powders was 9.4 x 10 -3 Ω cm, providing good evidence that the synthesis of TCO materials by CHFS can readily be scaled up, without significant deterioration in materials performance.
